In order to make clear the mechanism of the directional coarsening (rafting) of γ' phases in Ni-base superalloys under uni-axial tensile strain, molecular dynamics (MD) analysis was applied to investigate effects of alloying elements on diffusion characteristics around the interface between the γ phase and the γ' phase. In this study, a simple interface structure model corresponding to the /' interface, which consisted of Ni as  and Ni 3 Al as ' structure, was used to analyze the diffusion properties of Ni and Al atoms under tensile strain. The straininduced anisotropic diffusion of Al atoms perpendicular to the interface between the Ni(001) layer and the Ni 3 Al(001) layer was observed in the MD simulation, suggesting that the straininduced anisotropic diffusion of Al atoms in γ' phase is one of the dominant factors of the kinetics of the rafting during creep damage. The effect of alloying elements in the Ni-base superalloy on the strain-induced anisotropic diffusion of Al atoms was also analyzed. Both the atomic radius and the binding energy with Al and Ni of the alloying element are the dominant factors that change the strain-induced diffusion of Al atoms in the Ni-base super-alloy.
INTRODUCTION
Since creep is a dominant failure mechanism of structural materials which are exposed to high temperature and pressure for long periods, improvement of creep resistance of high temperature materials is one of the most important issues for assuring the long life reliability in actual operation. Ni-base superalloys have been widely applied to gas turbine blades in combustion power plants and aircraft engines. Directionally solidified or single crystal Ni-base superalloys are employed for the blade material used at high temperatures because they show the superior stress-rupture resistance, higher thermal fatigue resistance, and higher incipient melting temperatures comparing with polycrystalline Ni-base superalloys. High temperature mechanical properties of the Ni-base superalloys are improved by the fine cuboidal γ' (Ni 3 Al) precipitates orderly-dispersed in the γ matrix (Ni-rich matrix) because the dispersed texture in a grain inhibits dislocation motion. However, directional coarsening of the ' phase perpendicular to a principal stress, which is called "rafting," occurs when an uni-axial external stress is applied to the superalloys at high temperatures (~1000 o C). The γ' precipitates start to grow perpendicularly to the direction of the externally applied load, and the initial finely-dispersed cuboidal texture changes to large layered texture. Since the formation of the raft causes softening of the alloys, strength of the alloys at high temperature decreases drastically and cracks starts to propagate rapidly along the layered interface between the newly grown γ' phase and the γ phase. As a result, creep fracture is accelerated seriously once the layered texture appears. Therefore, it is very important to suppress the rafting for improving the strength of the Ni-base super-alloy at high temperatures under the applied load and thus, assuring the reliability of the turbine systems. Similar micro texture change was observed in this alloy near crack tips after fatigue loading [1, 2] . This means that the rafting occurs not only during creep loading but also during cyclic loading. Therefore, it is very important to understand mechanisms of the rafting for improving both creep and fatigue resistance of the Ni-base superalloys at high temperatures. Though, not a few research activities have been continued, the mechanism of the micro texture change has not been clarified fully yet [3] [4] [5] [6] [7] [8] [9] .
The rafting tends to occur when the Ni-base superalloys are subjected to a small tensile stress at elevated temperatures and thus, the rafting process is basically considered as hightemperature diffusion-controlled process. Conventionally, the atomic diffusion is expressed by the gradients of temperature and concentration. In addition to these gradients, stress (strain) acts as the driving force of the atomic diffusion in solids because strain can alter chemical potentials of component atoms. Since the combination of the externally applied load and the lattice mismatch between the ' phase and the  phase produces the anisotropic strain field in the Ni-base superalloy, atoms and vacancies diffuse anisotropically depending on the local strain state. In the past study, diffusion properties of component elements near the Ni/Al interface structure was analyzed quantitatively by using molecular dynamics (MD) simulation [10] . The anisotropic diffusion of Al atoms perpendicular to the interface occurred when uni-axial tensile strain was parallel to the interface. This diffusion behavior corresponds well to the fact that the finely-dispersed γ' phase starts to grow and form thin layered structures perpendicular to the direction of the applied uni-axial strain. We have considered, therefore, that the strain-induced anisotropic diffusion in the Ni-base superalloys is one of the most important factors that dominate the rafting phenomenon.
Thus, the suppression of the anisotropic diffusion of Al atoms should decrease the evolution of the rafting and improve both the creep and fatigue resistance of the Ni-base superalloy. The addition of different alloying elements is an effective method for controlling the kinetics of the rafting. In this study, the effect of alloying elements in the Ni-base superalloys on the strain-induced anisotropic diffusion of Al atoms was analyzed by MD simulations. In particular, co-doping effects on the diffusion were investigated by considering the interaction between alloying elements.
ANALYTICAL METHOD
A simple interface structure model corresponding to the /' interface, which consisted of Ni as  and Ni 3 Al as ' structure, was used to analyze the diffusion properties around the interface under tensile strain at elevated temperature of 1573 K. Figure 1 shows the supercell model of Ni/Ni 3 Al interface. In the Ni/Ni 3 Al interface model, interfacial crystallographic plane was (001) plane, which is mainly observed in the actual /' coherent interface. The supercell model was composed of 8000 atoms, and three-dimensional periodic boundary conditions were applied. To examine the effects of alloying elements on the diffusion properties of Ni and Al atoms in the Ni/Ni 3 Al interface, W, Mo, Ta, Cu, Pd, Pt, Zr and Ti were individually placed into the Ni layer as the dopant. In the case of singleelement-doped Ni/Ni 3 Al interfaces, some Ni atoms in the Ni layer were replaced by dopant atoms (one alloying element) randomly as shown in Fig. 1 (b) . The atomic concentration of dopant atoms in the single-element-doped Ni/Ni 3 Al interface model was changed from 0.12 at% (10 atoms) to 2.5 at% (200 atoms). In the case of co-doped Ni/Ni 3 Al interfaces, two kinds of dopant elements were added to the Ni layer at the same time. The atomic concentration of both dopant elements was 0.62 at% (50 atoms).
The MD simulations were carried out using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code [11] . Since normal strain exists parallel to the interface due to the lattice mismatch between Ni and Ni 3 Alcrystal, the structural relaxation calculation at 1573 K was performed by changing the volume for 50 ps in order to obtain the equilibrium lattice parameters of the Ni/Ni 3 Al interface model. It was assumed that obtained Ni/Ni 3 Al interface structure was under stress (strain) free condition at 1573 K. The uni-axial tensile strain was applied to the equilibrium interface structure by increasing the length of the lattice parameters from the equilibrium value. For example, in the case of the Ni/Ni 3 Al interface model with uni-axial 2% tensile strain parallel to the interface, only the lattice parameter along the x-axis of the interface model was expanded. When uni-axial tensile strain was applied to the interface structure, the structure tended to shrink in the other two directions (y-and z-directions) perpendicular to the direction of tensile strain. Thus, in order to obtain the equilibrium lattice parameters along y-and z-axis of the Ni/Ni 3 Al interface structure under tensile strain along xdirection, the Ni/Ni 3 Al interface structure was relaxed by 200 ps MD calculation. After the relaxation, the MD simulations were carried out for 500 ps under the fixed volume condition (no fluctuation of lattice constants during the simulation) for evaluating the change of the diffusion constants of Ni and Al atoms around the strained Ni/Ni 3 Al interface. The analytical condition used in this analysis is summarized in 
where N is the total number of atoms, r i is the position of the i-th atom and t is time.
The generalized embedded atom method (GEAM) interatomic potential was used for all simulations. The potential parameters defined by Zhou et al., [13] were used for all alloying elements except aluminum. Because melting temperature of bulk aluminum evaluated from the MD simulation using the original parameters was lower than experimental value, the parameters for two-body potential part of aluminum were modified to reproduce lattice constants as well as melting temperature. The modified parameters of aluminum are listed in Table 2 . Figure 2 shows the total energy per atom and the lattice constants of aluminum as a function of temperature. The total energy and the lattice constant in this figure are average values calculated from the 10000-step MD simulation using the modified parameters for each temperature. As can be seen in this figure, calculated lattice constant at 300 K (4.05 Å) and melting temperature (around 930 K) are good agreement with experimental values of 4.05 Å and 933 K, respectively. Figure 3 shows the atomic configuration of the Ni/Ni 3 Al interface structure under 2 % strain along x-direction (parallel to the interface). Both Ni and Al atoms around the interface diffused significantly, and the mixing of Al and Ni atoms around the interface was found to occur at 500 ps. Figure 4 shows the MSD values of Al atoms in the Ni/Ni 3 Al interface under 0% strain (no strain) and 2% tensile strain along x-direction. The MSD value of Al atoms perpendicular to the interface (zdirection) was increased when the tensile strain of 2% was applied parallel to the interface. The calculated diffusion constants of Al atoms are summarized in Table 3 . It was found that the tensile strain accelerated the atomic diffusion in all directions. In particular, the atomic diffusion perpendicular to the interface was accelerated remarkably. This anisotropic diffusion of Al atoms in the Ni/Ni 3 Al interface under tensile strain corresponds well to the fact that the finely-dispersed γ' phase starts to grow and form thin layered structures perpendicular to the direction of the applied uni-axial stress. Figure 5 shows the strain dependence of diffusion constants of Al atoms in the Ni/Ni 3 Al interface. Diffusion constants perpendicular to the interface increased with increasing tensile strain. The diffusion coefficient perpendicular to the interface with 4% tensile strain was increased by about 20 times. This result clearly indicates that the high local strain accelerated the atomic diffusion.
STRAIN-INDUCED ANISOTROPIC DIFFUSION OF AL ATOMS
When stress or strain was applied to the crystal structure, atoms perpendicular to the interface resulted in the mixing of Al and Ni atoms around the interface as shown in Fig. 3 . As a result, the lattice mismatch at the interface decreased and the high strain field was relaxed substantially. This means that the strain-induced anisotropic diffusion in the Ni/Ni 3 Al interface occurs for relaxing the elastic strain energy. Therefore, the rafting phenomenon is attributed to the process for relaxing the elastic strain energy by the atomic diffusion under creep condition at high temperatures.
EFFECT OF ALLOYING ELEMENTS ON STRAIN-INDUCED ANISOTROPIC DIFFUSION OF AL ATOMS
Since the anisotropic diffusion of Al atoms plays a key role in the rafting phenomenon of ' phase, the reduction of the mobility of Al atoms perpendicular to the interface between Ni and Ni 3 Al should decrease the evolution of the rafting and thus, improve both the creep and fatigue resistance of the Ni-base superalloy. The addition of different alloying elements is an effective method for controlling the kinetics of the rafting because it is generally possible to change the lattice constant of  and ' phases, and consequently to modify the coherency stress between the two phases. Naturally, the thermodynamic stability of both phases can also be improved by the alloying elements. The effect of alloying elements in the Ni-base superalloy on the strain-induced anisotropic diffusion of Al atoms was, therefore, analyzed by replacing some Ni atoms in the Ni layer of Ni/Ni 3 Al interface system. Both the atomic radius and the binding energy of the dopant elements are the dominant factors that change the diffusion of Al atoms in the Ni-base super-alloy. Since the lattice constant of Ni crystal (3.52 Å) is smaller than that of Ni 3 Al crystal (3.57 Å), the Ni and Ni 3 Al layers are expanded and shrunk in the equilibrium coherent Ni/Ni 3 Al interface, respectively. Therefore, the doping into the Ni layer decreased the lattice mismatch between Ni and Ni 3 Al layers and, consequently, the residual strain due to the lattice mismatch in each layer of the Ni/Ni 3 Al interface became small. The decreasing diffusivity of Al atoms by the addition of small amount of Mo, W and Cu was mainly due to the decreasing the lattice mismatch. However, when the lattice constant of the Ni layer became larger than that of the Ni 3 Al layer by the addition of the dopant elements, the tensile strain was induced in the Ni 3 Al layer of the coherent Ni-dopant/Ni 3 Al interface. In addition to the external tensile strain, the residual tensile strain in the Ni 3 Al layer enhanced the diffusion of Al atoms and thus, the diffusion of Al atoms was accelerated by increasing the concentration of Mo, W and Cu, and by the addition of Zr and Ta. On the other hand, in the case of Pt and Pd, the binding energy with Al is the dominant factor controlling the diffusivity of Al atoms. Figure 7 shows the binding energies of the dopant elements with Ni and Al. These values were calculated from the pair interaction of the GEAM potential and large positive value of the binding energy in this figure indicates that atomic bonds are strong and energetically stable. The binding energies of Pt and Pd with Al are small compared with the other dopant elements. This small binding energy indicates that that the attractive interactions between Pt or Pd and Al are weak and thus, the bond formation of Al with Ni is more energetically favorable than that with Pt or Pd. Therefore, since Al atoms tended to keep away from Pt or Pd atoms in the system, these elements were effective for reducing the diffusion of Al atoms perpendicular to the Ni-dopant/Ni 3 Al interface.
Since actual Ni-base superalloy consists of multi elements, it is necessary to clarify the presence of the interaction between the different dopant elements. Therefore, two kinds of dopant elements were added to the Ni layer and the diffusion property of Al was also analyzed. In this analysis, four dopant pairs, WPd, W-Mo, Pd-Pt and Pd-Mo were considered. Figure 8 summarizes the analytical results. Though both Pd and Pt atoms are effective dopant elements for decreasing the diffusion of Al atoms as shown in Fig. 6 , the diffusion of Al atoms was accelerated when both Pd and Pt atoms were doped in the Ni layer simultaneously. On the other hand, W-Mo co-doping suppressed the diffusion of Al atoms significantly though single doping of W and Mo in the Ni layer showed little effect on decreasing the diffusion of Al atoms. These results indicated the presence of the interaction between the dopant elements. Figure  9 shows the binding energy between dopant elements. The binding energy of W-Mo is more than twice that of Ni-Ni, while 
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